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Abstract.   This paper proposes a novel methodology for modelling the impacts of 
floods on traffic. Often flooding is a complex combination of various causes 
(coastal, fluvial and pluvial). Further, transportation systems are very sensitive to 
external disturbances. The interactions between these two complex and dynamic 
systems have not been studied in detail so far. To address this issue, this paper 
proposes a methodology for a dynamic integration of a flood model (MIKE 
FLOOD) and a microscopic traffic simulation model (SUMO). The flood model-
ling results indicate which roads are inundated for a period of time. The traffic on 
these links will be halted or delayed according to the flood characteristics – extent, 
propagation and depth. As a consequence, some of the trips need to be cancelled; 
some need to be rerouted to unfavorable routes; and some are indirectly affected. 
A comparison between the baseline and a flood scenario yields the impacts of that 
flood on traffic, estimated in terms of lost business hours, additional fuel con-
sumption, and additional CO2 emissions. The proposed methodology will be fur-
ther developed as a workable tool to evaluate the flooding impact on transporta-
tion network at city scale automatically. 
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1. Introduction  
Floods can impact human activities in many ways and this is why it is common 
to categorise these impacts. The flood consequences can be grouped as  direct or 
indirect, tangible or intangible, or a combinations of both (Penning-Rowsell et al., 
1980). Direct damages occur if the asset of interest is physically exposed to flood 
waters (i.e., buildings, people or environment). Indirect damages are usually out-
side the flooded area and usually become apparent after a longer time (Merz et al., 
2010). A classic example of indirect losses is the interruption of production in a 
firm that might occur due to a supplier affected by flooding. Traffic disruption due 
to floods is another indirect flood impact, the importance of which has not been 
studied in detail. The main reasons are: 1) the complexity of integrating two high-
ly dynamic and uncertain systems; 2) the need to assess flood impacts in monetary 
terms (for the purposes of cost-benefit ratio). Flood impacts on traffic are often in-
tangible: loss of time, frustration, environmental degradation due to additional 
CO2 emissions. However, they can also have monetary dimensions: additional op-
erating costs and fuel consumption have market prices, and loss of time could be 
monetized as well. Approaches to monetize the intangibles and the emerging im-
portance of multi-criteria analysis for hazard impact assessments create the neces-
sary conditions for the proper evaluation of flood impacts on traffic.  
To date traffic disruption due to flooding has received little attention. Compre-
hensive flood impact guidelines recommend carrying out traffic disruption studies 
only if the expected traffic losses are significant, because otherwise the cost of 
traffic disruption is negligible compared to direct or indirect tangible costs (Pen-
ning-Rowsell, 2010). However, the importance of impacts on traffic (relative to 
other flood impacts) varies – in some cities (e.g. Beijing), flooding has exaggerat-
ed the problems in their congested transportation network; but in other cities it is 
not so significant. So far the flood impacts on traffic have been approached using 
simple mathematical models (Penning-Rowsell, 2010) or macroscopic traffic 
models (Suarez et al., 2005; Chang et al., 2010). None of these methods consid-
ered the dynamics of the transportation system, rerouting whilst a street is closed, 
or the dynamics of the flooding event. These methods represent a static system, 
which uses homogeneous aggregated traffic flows. The reliability of such models 
is not high, especially when it comes to simulating decisions in complex urban 
traffic networks. Microsimulation represents traffic congestion situations and bot-
tlenecks more realistically, mainly through its algorithms incorporating drivers' re-
sponses and intermodal transportation (Helbing et al., 2002; Kerner and Klenov, 
2003).  
Hitherto micro-simulation has not been used for computing flood impacts on 
traffic congestion and this is one of the main goals of this research. From the mod-
elling part an evident gap in the current research is the fact that traffic models are 
not based on the duration and propagation of the flood. The methods introduced in 
this paper will address this dynamic behaviour of the system, through timely 
changes of the status of the links (open, closed, or with a certain speed limit in ac-
cordance to the changes in flood depth).  
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Further improvement in the hydraulic component of the methodology is also 
desired. The hydraulic models used by Suarez et al. (2005) and Chang et al. 
(2010) do not simulate surface flooding, caused by insufficient drainage capacity. 
Hydraulic modelling  is a key element in urban flood management (Djordjević et 
al., 2007; Chang et al., 2015), especially when a realistic representation of flood-
ing on the streets is necessary. 
 As extreme events are the main cause of flooding, this research is also interest-
ed in the impacts of adverse weather conditions on transportation systems. There 
is no indication that effects of bad weather have been included earlier to model 
flood impacts on traffic. Heavy rainfall events lead to a reduction in speed and ca-
pacity of the network (Keay and Simmonds, 2005; Maze et al., 2006; Koetse and 
Rietveld, 2009; Cools et al., 2010; Doll et al., 2013; Michaelides, 2014). Keay and 
Simmonds (2005) found that traffic delays increase with the intensity of precipita-
tion. Smith et al. (2004) estimated that during rainfall events average speed reduc-
tions are approximately 5-6.5 %. Nokkala et al. (2012) used another approach to 
estimate travel delays due to bad weather. Speed reductions of 20 %, 30% and 40 
% were assigned to trips with different average speed, assuming shorter trips will 
have lower average speed than longer trips. This assumption is valid for mathe-
matical models, but it disregards the different road capacities on the network. For 
the purposes of the methodology in this paper, the speed reduction will be applied 
as a proportion of maximum speed limit per link in the road network. This will al-
low vehicles to have varying speed according to their routes. 
The connection between rainfall, reduced visibility, increase in reaction time 
and speed reduction is apparent from drivers’ safety viewpoint. On the other hand, 
adverse weather impacts on traffic demand are more complex, because it might 
lead to the cancellation of trips or changes in travel modes (Al Hassan and Barker, 
1999; Chung et al., 2005; Maze et al., 2006). The feedback to traffic demand will 
be assessed in the current research by cancelling trips that have origins or destina-
tions in the flooded area.   
This paper focuses only on the methodology for integrating flood and road 
transportation models and results discussion is going to be subject to future work. 
2. Methodology 
The proposed conceptual framework for incorporating flooding conditions into 
a microscopic traffic model is outlined in Figure 1. As discussed earlier, the im-
pact of extreme hydro-meteorological events on transportation is twofold – com-
ing from rainfall events and flooding of the road network. First, the extreme 
weather conditions lead to reduced maximum speed limits (Keay and Simmonds, 
2005). As different streets in the network have different speed limits, the atmos-
pheric conditions will define a proportionate speed reduction in each link. The de-
crease of speed limit will be driven by the intensity and the duration of the rainfall 
event and it will reduce road capacity before the flood has even occurred. Thus, 
the flood impacts will start evolving in a transportation system, which already has 
reduced capacity due to heavy rainfall intensities.  
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Fig.  1 Flowchart of the proposed methodology 
 
Different combinations of intensities of rainfall and storm surges are simulated 
to produce the time varying flood characteristics. The consequent flood intensities 
in terms of flood extent, depth and propagation determine whether a street in the 
road network is going to be closed for traffic. This closure will affect the overall 
road capacities, the trip definition and the route assignment components of the 
flood model. Trips having an origin or destination in the flooded area will be can-
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celled and the routes that pass through a flooded area will be rerouted to unfavour-
able routes. 
The rerouting process assumes that drivers have no initial information that a 
part of their route has been flooded. Their route diversion is done when they ap-
proach the link closed for traffic and then a new route is assigned based on the 
shortest path to their destination. 
A micro-simulation technique facilitates a better and a more detailed representa-
tion of the traffic processes, compared to macro-simulation. There are several rea-
sons to adopt a micro-simulation technique for the assessment of flood impacts: 
- When a street is closed due to flooding, each vehicle will be rerouted individ-
ually, according to its destination. Hence, the rerouting algorithm ensures a de-
tailed representation of the traffic condition during flooded conditions. This is par-
ticularly important if there are numerous flooded streets throughout the whole 
network; 
- The micro-simulation technique is more reliable for estimating losses, related 
to the trips that are cancelled due to flooding because it contains a detailed de-
scription of each trip and its purpose; 
- The intermodal representation of different vehicle types is important for the 
overall consumption of fuel and greenhouse gas emissions. Different modes of 
transportation also indicate different cost of travel delays and will result in a more 
realistic representation of the flood impacts.  
- Microscopic traffic models can simulate the dynamics of the flood propaga-
tion both in spatially and temporally. For instance, depending on the flood severi-
ty, it can allow closure of only one lane, whist keeping the traffic active in other 
lanes; 
The results of the traffic simulations will be compared for scenarios with and 
without flooding. The whole procedure will be performed for different flooding 
scenarios, different times of the day (peak and off-peak times). As stated before 
the results will be presented in absolute measures of lost business hours, additional 
fuel consumption, and additional CO2 emissions. The travel delays and the addi-
tional fuel consumption will be also represented in monetary terms so that they 
can be easily compared to the other type of flood losses and damages in the stud-
ied area. Ultimately, such an approach will allow the effects of both flood risk 
management measures and of traffic improvement systems to be tested. 
The model will be applied to a case study on a Caribbean island – St Maarten. 
This case study is considered appropriate for the research for two reasons: first, it 
has been a frequent victim of tropical storms and hurricanes; second, the closed 
road network system of an island makes it easier to assess indirect impacts.  
The following sections elaborate the hydraulic model, used to simulate the 
flooding conditions, the translation of flooding results into SUMO environment 
and the SUMO modelling setup. 
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2.1  Hydraulic model 
The case study area of St Maarten is prone to tropical storms and hurricanes. 
Even small scale floods in the past posed a serious threat to traffic  (UNDP, 2012). 
The insufficient drainage capacity or the lack of drainage structures results in con-
siderable flood depth on the streets during severe storm events (UNDP, 2012). The 
hydraulic modelling has been carried out on a catchment level for the most haz-
ardous catchments in the island of St Maarten. The flood hazard characteristics 
(depth and velocity) were computed using DHI software MIKE FLOOD (DHI, 
2007). This software ensures full dynamic coupling between MIKE 11 (1D river 
model) and MIKE 21 (2D model, computing the flood plain and the coastal flood-
ing). The results from the coastal flooding model were used as boundary condi-
tions in the MIKE FLOOD simulation. Thus, surface runoff and coastal conditions 
were integrated at each time step. The flooding conditions were simulated for dif-
ferent return periods of storm events, assuming independence of the rainfall and 
storm surge occurrence. The results of the hydraulic model provided maps for rel-
evant flood depth over time, depending on the flood propagation at a particular 
site.  
2.2  Translation of flood model results into SUMO model input 
The time varying flood maps identify the streets that will be closed and the du-
ration of the closure. This extraction was performed in a GIS environment by 
overlaying the flood map with a road network (Figure 2). The roadmap is a modi-
fied version of Open Street Map (OSM), which ensures all street types and their 
corresponding speed limits are correct. In OSM format each street is defined by its 
ID and this is not suitable for the purposes of a precise identification of flood loca-
tions. The desired level of precision requires each edge of the network to have a 
unique ID, which can be identified by the traffic model. In order to avoid conver-
sion discrepancies, a reliable translation of the link indices was required. This was 
performed first by segregating major streets into edges in a GIS environment and 
by giving unique indices of the individual edges. The resultant shapefile was 
saved as an OSM and then translated to a network file, readable by SUMO. That 
way, no data will be lost in conversion, i.e. space varying speed limits, or the 
number of lanes per street.  By ensuring same edge IDs, a linkage between the 
ArcGIS and SUMO environments was established. Thus, a list of flooded streets 
was identified by their IDs in GIS environment and was readily available for re-
routing in SUMO. To provide consistency, the newly created roadmap was used 
for simulating traffic for the baseline scenario as well as the various flooding sce-
narios.   
The criterion for a street closure was based on flood characteristics – extent, 
propagation, depth and velocity. Guidelines for a street closure can be found in 
studies related to car stability in flood water. Stationary vehicle stability in flood 
waters has been an object of experimental (Teo et al., 2012) and analytical studies  
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Fig. 2 Flood map with 100 years return period of a rainfall event (left), and a road map overlaid 
with a flood map with flood depth above 0.3 m (right), showing in red the roads closed to traffic 
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 (Keller and Mitsch, 1992). Shand et al. (2011) carried out a literature review for 
the purpose of establishing guidelines for vehicle safety on the road. They found a 
considerable agreement among the literature about the floating limits of different 
types of vehicles – small passenger (0.3m), large passenger (0.4 m) and 4DW (0.5 
m).  These guidelines were adopted in the current research as a rule for a road clo-
sure: streets with more than 0.3 m flood depth were closed for traffic. 
2.3  SUMO parameters setting and traffic volume estimation 
The SUMO software (Behrisch et al., 2011) has been used to create a basic 
model, so that the proposed methodology can be tested (Figure 3). The traffic 
model was limited by the reduced availability of transportation measurement data, 
but it is believed there are sufficient data to further test the methodology. Current-
ly the model uses the traffic network of the whole island of St Maarten, which is 
rather large for conventional microsimulation network (total area 87 km2 and near-
ly 80 000 inhabitants).  
 
Fig. 3 Flowchart of the implemented traffic model 
 
 
 
This network has been extracted from OSM and later on modified for the appli-
cations in SUMO, with special attention given to the different types of roads and 
their maximum speed limits. The traffic demand was established on a quasi-
random route generation (ActivityGen), based on statistics about settlements, pop-
ulation and the locations of big employers and schools. Different parameter com-
binations were used to run the model and obtain statistics for each scenario. The 
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route assignment of the current model employs shortest path algorithm to establish 
a route between the origin and the destination of each trip. For a better representa-
tion of route choices an algorithm representing shortest travel time is required.    
 
Sensitivity analysis of different scenario results can help improve the under-
standing of how the system functions. This strategy for computing traffic demand 
was hoped to help overcome the lack of data for calibration. A large number of 
quasi-randomly generated data approaches the traffic demand distribution from a 
probabilistic standpoint.  
 
Another objective of the research is to investigate what the environmental im-
pact of traffic congestion during floods can be. To achieve this, the SUMO model 
employed a simplified HBEFA classification of vehicles and their relevant CO2 
emission levels for different engines. This model also provides a description of 
fuel consumption for individual trips in the simulation and thus can help monetize 
the impacts of floods on traffic congestion. 
2.4  Monetization of traffic delays 
Previous studies in the field of flood impacts on traffic congestion (Chang et 
al., 2010; Suarez et al., 2005) indicated that wasted time will be the most signifi-
cant impact. This imposes the need to monetize business hours lost in traffic, so 
that they can be compared to other tangible flood impacts such as damage to built-
environment or business interruption. Value of time per individual person (driver 
or passenger) is defined by the purpose of the trip, mode of transportation  and the 
type of vehicle (Vickerman, 2000). Monetizing of travel time has been approached 
using wage data to assign monetary values per hour for different trip purposes - 
business, commute or leisure (Tervonen et al., 2010). The cost of the additional 
travel time can also depend on the duration of the delay. Interviews showed delays 
longer than 30 min have higher relative costs than shorter delays (Douglas et al., 
2003). This research will employ a monetizing method which will consider a UK 
methodology (Vickerman, 2000) to estimate costs of travel times based on as-
sumptions on average income.  
3. Modelling challenges and future improvements 
We have created a preliminary model to test the proposed methodology. The 
trial has shown several challenges to be solved. Trivial setbacks like data conver-
sion issues are typical when integrating models with very different inputs and out-
puts. The rerouting mechanisms, employed to represent street closure, are origi-
nally established to simulate traffic incidents on the road. They require an 
individual set up, which is not trivial, when a large number of streets have to be 
closed due to the flooded conditions. For example, when 30 cm of flood depth was 
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used as a criterion for street closure, 268 streets in the whole network were identi-
fied to be closed and the traffic through them should be rerouted. From a traffic 
modelling point of view, the road network was going to suffer from 268 accidents, 
whose temporal characteristics depended on the propagation of the flood. In 
SUMO terms, each of these accidents had to be represented independently and this 
posed a problem when multiple scenarios were going to be modelled and dis-
cussed. As mentioned previously, the main objective of the current research is the 
development of a tool for the integration of flood and traffic models. Such a tool 
will eliminate drawbacks like the file conversion or multiple file creation for dif-
ferent purposes of the modelling process. 
 
Due to the lack of traffic data, modelling different vehicle classes and purposes 
of trips are reliant purely on assumptions. However, different vehicle classes can 
give valuable input, when traffic delays or cancellation of trips are monetized. 
This is currently represented by the activity-based traffic demand model, which 
generates trips according to synthetic data about population and locations of big 
employers, schools and shops. Similarly, modelling emergency vehicles such as 
ambulances or fire brigade vehicles is very important in times of disaster man-
agement. For example, the hospital in Philipsburg in St. Maarten can be reached 
only by one road which is prone to flooding. Evaluation of flood impacts like 
these is a great challenge because losses are intangible and are no longer related to 
the particularities of the traffic conditions.  
4. Concluding remarks 
This paper presents a novel methodology for assessing flood impacts on traffic. 
Micro-simulation traffic models have not been used yet to approach that problem, 
even though only a microsimulation model can capture the dynamics of both the 
natural and social-technological sphere. The impacts of adverse weather condi-
tions on traffic have been studied in detail but have never been previously incor-
porated with flood events. This methodology combines the joint impacts of both 
adverse weather conditions and accumulated floods to road transportation. 
The methodology presented in this paper will be implemented in real world ap-
plications. The actual traffic measurements will be applied to calibrate the parame-
ters used in the SUMO to ensure the modelling results can represent the traffic 
conditions properly. Cost assessment model of travel delays also needs to be ad-
justed to regional specifications of salaries in Saint Martin. 
This interdisciplinary approach relates to off-line analysis of combined flood 
and traffic modelling. The methodology lends itself nicely for real-time modelling 
and decision making for coupled flood and traffic management systems. 
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